T he drying of the tear film has a major impact on the quality of the optical system of any individual eye. [1] [2] [3] [4] [5] Previous studies have shown that any local change in tear film thickness and regularity will introduce additional aberrations into the eye's optical system. 2, 4, 5 However, the source of these optical aberrations is uncertain; it might come from the underlying irregular corneal surface, nonuniformity of the refractive index of the tears, irregular surface of the tear film during disruption, corneal dehydration after tear break-up, or a combination of these factors. ) and taking the same radii for the first and the second surface of the tear film, the refractive power P T is (Fig 1) :
T he drying of the tear film has a major impact on the quality of the optical system of any individual eye. [1] [2] [3] [4] [5] Previous studies have shown that any local change in tear film thickness and regularity will introduce additional aberrations into the eye's optical system. 2, 4, 5 However, the source of these optical aberrations is uncertain; it might come from the underlying irregular corneal surface, nonuniformity of the refractive index of the tears, irregular surface of the tear film during disruption, corneal dehydration after tear break-up, or a combination of these factors. 2 To understand the optical importance of the tear film in the imagery of an individual eye, simple theoretical calculations can be obtained. Using Le Grand's model eye 6 with a tear film thickness of 13 µm (mean between the values of 6 and 20 µm in tear film ranges 7 ) and taking the same radii for the first and the second surface of the tear film, the refractive power P T is ( Fig 1) : P T = P T1 + P T2 -␦ T x P T1 x P T2 (Eq 1) P T1 and P T2 = power of the first and second surfaces of the tear film, respectively, and ␦ T = coupling distance. These powers can be calculated taking into account the refractive index of the tear film (n T = 1.336) and the cornea (n C = 1.3771), and the radii of both surfaces of the tear film (R T1 = R T2 = R C1 = 7.8 mm). Coupling distance will depend on the thickness and refractive index of the tears:
The position of the principal points of the tear film, measured from the vertex of the tear film are:
H T1 H T = ␦ T x 1 (P T2 /P T ) = 1.06 µm H' T2 H' T = -␦ T T x n C (P T1 /P T ) = -11.9 µm VH T = VH T1 + H T1 H T = 0 + H T1 H T = 1.06 µm VH' T = VH' T2 + H' T2 H' T = e T + H' T2 H' T = 1.10 µm Coupling the tear film with the second corneal surface, we have the corneal power (P C ). In this case, the refractive power of the second corneal Wavefront Analysis of Higher Order Aberrations in Dry Eye Patients surface will be calculated taking into account the refractive index of the aqueous humor (n AH = 1.3374) and the cornea (n C = 1.3771). The coupling distance will depend on the corneal refractive index and the distance between the second principal point of the tear film and the first principal point of the second corneal surface: ), this does not mean that the tear film has no refractive power, but only that when the tears disappear the cornea becomes the most refractive surface. In an optical system composed of several surfaces and refractive indices, the most refractive surface is that situated between the two most dissimilar refractive indices. If we vary the thickness of the tear film, the results have little effect on the surface power (about 0.1-D power increase for 20 µm). However, if the film becomes irregular in thickness, much larger variations may occur in its local anterior radius of curvature and power (approximately a 1.3-D power increase if the radius decreases to 7.6 mm). Such local variations in power are equivalent to higher order wavefront aberrations.
Dry eye patients show an irregular tear film (ie, thickness, refractive index, or surface power). The cause of blurry vision associated with these patients could be related to reduced optical quality of the eye, and this, consequently, with larger optical aberrations. We studied higher order aberrations in dry eye patients compared to normal tear film patients.
Patients and Methods
Twenty patients with dry eye were enrolled in the study: 14 men and 6 women, average age 27.5 ± 3.4 years, and mean visual acuity 0.98 ± 0.11. Diagnosis of dry eye was made on the basis of symptoms of dry eyes 1 , Schirmer I test results of less than 10 mm without anesthesia 2 , and tear film break-up time less than 5 seconds. 3 Exclusion criteria included ocular trauma within the last 4 months, abnormality of the nasolacrimal drainage apparatus, and permanent occlusion of lacrimal puncta or temporary punctal plug within 2 months. Mean break-uptime in these patients was 3.8 ± 1.1 seconds. None of the enrolled patients used artificial tears during the study.
For comparison, 20 subjects with normal eyes: 12 men and 8 women, average age 26.3 ± 2.7 years, and mean visual acuity 1.01 ± 0.12, were recruited from employees and volunteers at the Instituto Oftalmológico de Alicante, Spain. Subject's eyes were considered normal if they had no abnormalities on ophthalmologic examination, specifically of the cornea and external ocular structures, and no history of contact lens wear, ocular trauma, or intraocular surgery.
The tenets of the Declaration of Helsinki were followed in this study. Informed consent was obtained from all patients after the nature and possible consequences of the study had been explained. Ocular aberrations were measured by means of a Zywave aberrometer (Bausch & Lomb, Irvine, CA), which is based on the Hartmann-Shack aberrometer, and analyzed for photopic vision (central 4-mm diameter) and for scotopic vision (central 6-mm diameter) for spherical-like (S 4 ), coma-like (S 3 , S 3+5 ) and total higher order aberrations (S 3+4 , S 3+4+5 ) up to the fourth (photopic vision) and fifth (scotopic vision) orders of Zernike polynomials. Patients were instructed to blink three or four times and fixate on a distant image created by the aberrometer while Theoretical model eye including the tear film (n AH is the aqueous humor refractive index, n C i the cornea refractive index, n T is the tear film refractive index, n L is the refractive index of the lens, n V is the refractive index of the vitreous, T 1 is the anterior surface of the tear film, C 1 is the anterior surface of the cornea, C 2 is the posterior surface of the cornea, L 1 is the anterior surface of the lens, L 2 is the posterior surface of the lens, V is the vertex of the tear film).
keeping their eyes wide open as long as possible. All measurements were done within 5 to 10 seconds after the blink in order to avoid changes in ocular aberrations due to tear film break-up. 5 For each subject, only one eye was selected randomly for the wavefront aberrations measurement.
RESULTS
Comparison of higher order wavefront aberrations between normal and dry eye patients for both photopic (4-mm) and scotopic (6-mm) vision is shown in Figure 2 . Higher order aberrations in the dry eye patients were significantly greater than in the normals for photopic and scotopic vision. The Mann-Whitney rank sum test was used to evaluate differences between both groups for each individual aberration: S 3 , S 4 , S 3+4 , S 3+5 , and S 3+4+5 . Differences were considered statistically significant when P values were less than .01. All comparisons showed P values less than .01; differences between normal and dry eye patients were statistically significant for all ocular aberrations.
For a 4-mm pupil diameter, both coma-like (S 3 ), spherical-like (S 4 ), and total aberrations (S 3+4 ) were significantly greater for dry eye patients than for normal eyes: x2.70 (ie, factor of 2.70), x2.50, and x2.58, respectively. Similar relationship values were found for a 6-mm pupil diameter: x2.40 (S 3+5 ), x2.53 (S 4 ), and x2.29 (S 3+4+5 ). If we compare the contribution of higher order wavefront aberrations (S 3 /S 4 ) for a 4-mm pupil diameter, coma-like aberrations were similar compared with spherical-like aberrations in dry eye patients (x1.35) and in normal eyes (x1.20). For a 6-mm pupil diameter (S 3+5 /S 4 ), we also found similar values for dry eyes (x1.26) and normal eyes (x1.33). Scotopic vision (6-mm pupil) showed an increase in overall ocular aberrations both for normal and dry eyes compared with photopic vision (4-mm pupil) by a factor of approximately 2.
To illustrate differences in wavefront aberration pattern between normal and dry eye patients, Figure 3 shows Hartmann-Shack images and colorcoded maps of total wavefront aberrations across a 6-mm pupil for a normal and a dry eye patient (best correction of any defocus and astigmatism assumed). The upper row of images in Figure 3 is an example of a normal eye and shows a regular array of clearly imaged dots indicating low levels of optical aberrations. The wavefront aberration map calculated from the Hartmann-Shack data image shown at the right reveals widely spaced contours, indicating an eye that is relatively free of optical aberrations. However, when the evaluation was carried out in a dry eye patient (bottom row of images), poor tear film around the pupil induced a distortion of the matrix of dots in the Hartmann-Shack image and closed contours in the wavefront map, revealing an increase of optical aberrations. Quantitative analysis of the Hartmann-Shack image indicates a significant change in the wavefront pattern. A significant advancement in the wavefront map is observed in the center, which corresponds to a reduced optical path length and indicates relative thinning of the tear film compared to areas of the cornea to the right or left. Also, a delayed wavefront is observed vertically from the inferior portion of the cornea, indicating increased thickness of the tear film in this area.
DISCUSSION
Aberrometric analysis enables us to assess qualitative optical quality by the graphic presentation of wavefront with color-coded maps and quantitatively by Zernike polynomial expansions correlated with different optical aberrations.
In dry eye patients, it is difficult to evaluate changes in optical quality by means of refraction or topographic indices. Only by means of slit-lamp Wavefront Aberrations in Dry Eye/Montés-Micó et al evaluation or external tests such Schirmer is it possible to assess reductions in the tear function, and even then it is difficult to correlate results with visual function. We applied wavefront sensing technology to determine optical characteristics in dry eye patients in order to obtain more information about differences in optical quality compared with normal eyes.
It has been suggested that the reduced optical quality of the eye is the root cause of blurry vision associated with dry eye syndrome and tear film disruption.
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If we consider our results in detail, we note first that amounts of ocular root-mean-square (RMS) aberration in dry eyes were considerable (Fig 2) . If we compare these results with normal eyes, there were statistical differences between normal and dry eyes for total higher order aberrations, coma-like aberrations, and spherical-like aberrations, not only for photopic vision but also for scotopic vision (P<.01). We found an increasing factor greater than 2 in the RMS values for dry eyes compared to normal eyes.
Why do dry eye patients show larger optical aberrations values in relation to normal eyes? We suggest that tear film changes in dry eyes may lead to irregularities on the corneal surface. 8 There is a correlation of corneal and overall ocular aberrations, since higher order aberrations appear to be dominated by contributions from tear film irregularity. Previous studies have reported less tear evaporation in dry eyes compared with normal eyes.
9,10
If we consider this premise in light of our results, dry eyes, despite reduced tear film, showed an irregular tear film distribution across the corneal surface compared with normal eyes. This is supported by the fact that we found larger values in vertical coma compared to horizontal coma (Z Differences between vertical and horizontal coma in normal eyes are expected, due to gravitational effects on the tear layer and recovery from the effects of lid pressure after blink. 5, 11 These effects would be expected to produce asymmetry primarily in the vertical meridian of the anterior cornea. However, larger values were found in dry eyes compared with normal eyes. From Figure 3 distribution; we found more positive spherical aberration in dry eyes than in normal eyes: Z 0 4 : -0.34 µm and Z 0 4 : -0.13 µm, respectively, for a 6.0-mm pupil. Changes in spherical aberration might be caused by a general tendency for tear film to thin at a different rate at the center of the cornea, compared with the periphery. Infrared thermography suggests that corneal temperature in normal eyes drops more rapidly at the center due to a more rapid evaporation rate and thinning. 12 A thinner central tear film would tend to introduce more positive spherical aberration. Both dry and normal eyes follow this pattern, but dry eyes have larger values. Figure 3B shows advancement in the center of the wavefront that corresponds to thinning of the tear film.
Dry eyes have larger optical aberration values compared with normal eyes and these values are caused by tear film irregularities on the corneal surface. Our results demonstrate that aberrometry is sensitive enough to monitor optical changes associated with dry eye syndrome and this technique will be useful in future research about dry eye and tear film. In addition to this technique, visual performance and retinal image quality evaluation systems will be necessary to explain the cause of blurry vision associated with dry eye syndrome.
